Room acoustics play an important role in the intelligibility of speech. The main aspect of acoustics that is usually studied is the duration of the reverberation decay, since a long decay causes a blurring of phonemes. However, other parameters of the acoustics such as the strength of the reverberation can actually improve intelligibility. These factors do not receive the same attention. In many common practical situations such as classrooms and residential rooms, it would be of value to quantitatively study the acoustics to optimize the room's function, but this is not done routinely due to the expected expense or difficulty involved. This research explores inexpensive first-principle methods to quantitatively measure three key parameters of a room's acoustics: the reverberation decay time RT60, the reverberant intensity I R , and the room's total absorption A. The required equipment includes two laptops installed with certain free softwares. Generation of the required noise signal and level detection are carried out using the REW software, and long-duration recordings are carried out using the Audacity software. The procedures are simple enough to be performed without specialized training and do not require specialized equipment, only commonly available household resources. This research also sheds light on the fact that not all reverberation is bad and that strong but short-duration reverberation can enhance communication. This information can be expected to benefit schools and other venues where speech intelligibility is vital.
For direct sound that spreads out spherically, its intensity I D decreases with distance r as expressed by the inverse square law: 
If the sound is more concentrated in one direction, there will be an additional factor (>1) for that direction. This relationship applies to the direct sound and is altered by reflected sound. Reflected sound falls into various categories of which three broad ones [1] [2] [3] [4] are: 1) early (<30 ms) indistinguishable single reflections, 2) delayed (>30 ms) single reflections, which are distinguishable as echoes (the minimum delay depends on the intensity), and 3) reverberation, which is the forest of slowly decaying multiple reflections within the room. The strength of reverberation is the reverberant intensity I R and its duration is the decay time RT60. The reverberant intensity for a continuous sound source depends only on the source's power P and the absorption A of the room's surfaces:
where A refers to the fraction of sound energy absorbed by the room's total surface area per reflection. A is related to the absorption coefficient α, which is the fraction of sound energy absorbed per reflection per unit area by a given material, by the equation:
where S is the room's surface area and α avg is the average absorption coefficient for the entire surface. Smooth and hard surfaces such as a mirror reflect almost all sound and thus have an absorption coefficient of almost zero. In contrast, a completely absorptive surface such as a mattress would have an absorption coefficient of almost one. The total sound intensity in the room was modeled by adding the reverberant and direct intensities:
The reverberation decay time RT60 is defined as the number of seconds needed for the intensity to drop by a factor of 10 6 (which corresponds to a drop in sound level of 60 dB). In the simplistic case of a symmetrical room with a low α avg and uniformly distributed absorption, RT60 can be related to the volume of the room V and total absorption by the Sabine equation: RT60 = 0.161 V/A. This predicts that rooms with larger volumes will have longer reverberation times and that rooms with larger absorption values will have shorter reverberation times. For high values of α avg , the Eyring-Norris equation:
works Open Journal of Applied Sciences slightly better. But, both equations are prone to error because of non-uniform distribution of absorption and anisotropic radiation pattern of the sound source [5] . Thus, in practice it is best to obtain RT60 empirically from the actual measured exponential decay of the reverberation after the sound has stopped, as this will apply most directly to a realistic situation. For example, in a classroom the sound source should be placed at the teacher's location in the front of the room and the microphone should be placed at the location of the audience.
A comparison between various professional methods for measuring RT60 can be found in [6] [7] [8] . These approaches use specialized equipment and involved analysis, and would therefore be less accessible to the average teacher or lay person. The first goal of this work was to explore simpler inexpensive first-principle methods to study room acoustics. The second goal was to measure not only RT60, as is usually the case, but also the other key parameters of a room's acoustics: A and I R . The equipment consists of two laptops with a built-in microphone and speaker (or optionally an external microphone and speaker), and free software applications for measuring the sound level and generating signals.
Methods

Measurement of Reverberant Intensity and Absorption
This is carried out using the setup illustrated in Figure 1 and applying Equation (5) .
The first laptop plays white noise produced by the signal-generator application (app), within the REW software suite, through an external speaker. An external microphone was connected to the second laptop running the sound-level-meter (SLM) application, another part of the REW software suite. REW software is a free software [9] . Using white noise instead of single frequencies avoids standing waves and uneven distribution of sound level. For the detection, the SLM application gives a more accurate and stable reading of the sound level than using an oscilloscope software, which was attempted first. While the speaker played white noise continuously, the microphone was moved to different distances away from white noise through a speaker that has been generated by the signal-generator application in the REW software. Laptop 2 receives the sound signal from a microphone and measures the sound level L using the sound-level-meter application in REW.
it and the sound level L (in dB) indicated by the SLM was recorded. The sound level is related to the intensity by:
where I 0 = 10 −12 W/m 2 is the threshold of hearing.
Measurements were carried out in 3 rooms: a bathroom, a bedroom and a foyer. The bathroom has the smallest volume and least absorption compared to the other two rooms. The foyer has the largest volume, and the bedroom has the most absorption. These popular home methods were found to be too unreliable, because such impulses are inconsistent and there are difficulties associated with the triggering of the oscilloscope. An impulse also has a very small amount of energy (unless very loud such as a pistol shot) leading to a poor signal-to-noise ratio.
Measurement of the Reverberation Decay Time
After much experimentation, the setup shown in Figure 2 The Audacity recording was started and then the white noise signal was played for four seconds to allow the reverberation to fill the room and reach its maximum value. The exact level is unimportant since only logarithmic differences are needed in the analysis. The recording was continued for several seconds after the white noise was turned off, so that the entire decay was captured as seen in Figure 2 .
The data downloaded from Audacity consists of the digitized sample values for the sound pressure P for each sampling time interval t. P is expressed as a fraction of Audacity's full scale value. During the seconds-long recording, there are hundreds of thousands of P values because the sampling frequency is 44.1 kHz. Squaring P gives a value that is proportional to the intensity. Figure 3 shows an example of this intensity (normalized by its initial value) plotted versus time. There is a noticeable flat region while the signal is playing steadily and a noticeable decay when the sound is turned off. From the slope of the decay, the reverberation decay time was calculated for each room, the details of which are discussed in the "Data and Analysis" section.
Assessment of Speech Intelligibility
This last experiment conducted blind listening tests to correlate the previous physical measurements with how clearly speech could be heard in the various rooms with different values of A, I R and RT60. A random sequence of two similar sounding phonemes "ch" and "j" was recorded. While the recording was played, each subject sat 1.5 m away and noted, in order, which phonemes they thought they heard. The percentage of phonemes judged correctly by the subjects provided an indication of how good speech intelligibility was in that room.
This procedure was repeated for all three rooms. There were 261 blind tests of phonemes in total.
Data and Analysis
Reverberant Intensity and Absorption
Following the procedure outlined in Section 2.1, the sound level was recorded at different distances away from the speaker. This information, along with the calculated intensity (Equation (6)) is shown in Tables 1-3 for the three rooms. Figure 4 shows the plots of measured I vs 1/r 2 data from the previous tables.
At shorter distances, the inverse square law (straight line behavior) holds better because the direct sound is more dominant. As the distance from the speaker increases, the reverberation starts to have more influence and there is a bigger deviation from the inverse square law-as seen in the lower left portion of the graph, the intensity starts to saturate towards a constant value corresponding to I R . The total intensity was modeled by adding the reverberant plus direct intensity as per Equation (5) were adjusted until the function lines fit the data most closely. Table 4 shows these absorption values determined from the fitted functions.
As seen in Table 4 , the bathroom has the least absorption as expected because it has reflective surfaces like tiles and a mirror, and has the smallest surface area.
The bedroom has the highest absorption because it has a thick carpet and a mattress. From these total absorption values, the average absorption coefficient was found by dividing it by the room's total surface area as per Equation (4). The foyer's volume and area were indeterminate due to the space being open and not having defined boundaries and therefore, the absorption coefficient could not be calculated.
Reverberation Decay Time
Following the procedure outlined in Section 2.2, the interrupted noise intensity was measured versus time using the Audacity recording software. These data are plotted for each of the three rooms in Figures 5-7 .
As seen in the graphs, the intensity decreases exponentially (straight line portion on the log-linear plot) after the noise is stopped. Taking a pair of points (t 1 , I 1 ) and (t 2 , I 2 ) on the straight line portion of the decay, one gets the exponential decay constant τ (the time for I to drop by a factor of e) from:
( ) ( ) This procedure was applied for each room and the results are shown in Table 5 . These measured RT60 values are in reasonable agreement with other measurements of residential rooms allowing for differences that will depend on the furniture [10] .
The bedroom, due to its high absorption (55.6 sabins), has the shortest rever- The bathroom has the least absorption (8.33 sabins) but also the smallest volume; its RT60 (0.52 s) lies in between the values of the foyer and the bedroom.
Speech Intelligibility
Following the procedure outlined in Section 2.3, blind listening tests were conducted in each room on three subjects to assess speech intelligibility in each room. The results are shown in Table 6 for a total of 261 blind tests of phonemes (87 blind tests per room). The statistics are sufficient to validate the conclusions since they overwhelmingly pass the chi-squared test, with a lowest value of χ 2 = 19.32 for any room; the probability (i.e., p-value) of getting this or higher χ 2 value purely by chance is 1.10 × 10 −5 . (In blind listening tests, the chi-squared value is given by χ 2 = (C − T/2) 2 /(T/2) + (I − T/2) 2 /(T/2) for a total number of trials T, number of correct judgements C, and number of incorrect judgements I. The commonly used critical value of χ 2 for one degree of freedom is 3.84 for a p-value of 0.05).
As seen in the results, the test conducted in the bathroom consistently produced the highest intelligibility rate for each subject. This is expected because the bathroom has a short RT60 because of its small volume, but equally important, it has a strong reverberant intensity (as seen in Figure 4 ) due to its low absorption.
This confirms that simply having a low RT60 is not a sufficient criterion for best speech intelligibility, otherwise the bedroom would have had the highest speech-intelligibility score. Tests conducted in the foyer showed the worst intelligibility because of the foyer's long RT60 without the strong I R of the bathroom.
The speech intelligibility in the bedroom was in between that of the bathroom and the foyer because of its much shorter RT60 but similar I R as the foyer. Most other studies of speech intelligibility have mainly focused on the effects of just RT60 and background noise [10] [11] [12] . In agreement with the present work, they too find that increasing just RT60 worsens speech intelligibility. However, a new aspect of the present work is to assess the influence of I R in addition to RT60. 
Summary and Conclusions
It is well known that room acoustics significantly influence speech intelligibility.
In commercial auditoriums, the acoustics are studied by professionals using elaborate techniques. However, the expense and complexity of such methods preclude their routine use for spaces such as regular classrooms and residential rooms. This research explores simple but reliable methods to measure some principal acoustical parameters using equipment that is easily available (just a pair of laptops) and free software. The setup and procedures of the experiments are straightforward, as is their analysis and interpretation. Therefore, individuals without specialized training should be able to conduct such measurements.
Many acoustical studies only focus on the reverberation time RT60. However, as was shown here, the strength of the reverberation I R can enhance speech intelligibility. Thus placing reflective surfaces close to the human speaker (i.e., in the stage area) and more absorption elsewhere can help achieve the best speech intelligibility by allowing the sound to be louder at the listener location but not linger. The methods presented here can help to optimize this balance between I R and RT60. The results also show why a smaller classroom tends to be more effective, aside from the more favorable teacher-to-student ratio. Using a microphone and electronic amplification is of course another way to boost sound intensity at the listener position without increasing the decay time. Future extensions of this work can include comparative measurements of various classrooms and auditoria in schools to assess variability of speech intelligibility with size, shape, and materials of the room. Another extension is to use a larger variety of phonemes recorded in different voices to present an additional challenge for the subjects of the listening tests.
